ABSTRACT: A heat exchange interface at subzero temperature in a water vapor environment, exhibits high probability of frost formation due to freezing condensation, a factor that markedly decreases the heat transfer efficacy due to the considerable thermal resistance of ice. Here we report a novel strategy to delay ice nucleation on these types of solid-water vapor interfaces.
INTRODUCTION
Inhibition and control of ice nucleation and low ice adhesion play a critical role to a broad range of daily life and industrial applications 1 such as power transmission (highvoltage lines and towers), 2 aerodynamics (aircrafts, helicopters and wind turbines) 3 and heat exchangers (refrigerators). 4, 5 Even in applications where icing is a process that has to be promoted i.e. ice generators 6, 7 and electrothermal energy storage systems, 8, 9 the surfaces and interfaces through which heat exchange occurs in order to freeze water, is necessary to be maintained ice-free through continuous ice removal. Otherwise, ice production becomes inefficient due to the added high thermal resistance of the formed ice layer.
Icing challenges that are being explored by the research community and are closely related to the aforementioned applications, are the processes of condensate freezing 10 and frosting due to desublimation 5 escorted by ice propagation 11 and considerable ice adhesion. 12, 13 Final target is the design of icephobic surfaces that can be employed in real applications.
A conventional strategy for constricting icing is the exploitation of hydrophobicity by applying low surface energy coatings 12 on smooth surfaces. Based on these coatings (usually made of a polymer), it was shown that, apart from increasing the critical activation energy for heterogeneous nucleation with the increase in the static contact angle, 14, 15 diminishing of ice adhesion can be also correlated with an increase in the receding contact angle. 12 Such coatings must be applied periodically, since they shed with time. They are also limited in their ice adhesion strength performance, since their receding contact angle intrinsically cannot exceed approximately ο rec θ =120 . 16, 17 However, very recently it was shown that polymeric coatings can be rationally engineered and become a novel and reliable solution in the promotion of robust icephobicity. In particular, by modifying the cross link density of a polymer its interfacial slippage can be regulated so that it exhibits remarkable low ice adhesion strength. 18 A different more advanced strategy, which addresses the aforementioned issues of an intrinsically icephobic surface, is strongly related to the employment of an intervening layer between the water vapor and the solid phase, which can act as a barrier. Specifically, by forming a vapor [19] [20] [21] [22] [23] [24] or liquid [25] [26] [27] [28] [29] anti-adsorptive layer between the solid substrate and the water vapor, the diffusion process of water molecules in the respective layer is hindered, preventing penetration of water into the asperities of the solid surface. Consequently, the initiation of ice nucleation will be limited to the liquid-vapor interface (desublimation) or the liquid-liquid interface (condensate freezing).
For the case of a gaseous intervening layer, it was shown that by forming a vapor layer of a non-condensable gas (carbon dioxide) originating from a sublimating carbon dioxide substrate under ultra-low temperature (i.e. -79 o C ), the impacting water droplet can rebound without solid contact, preventing it from freezing. 22 Similarly, a lotus type superhydrophobic surface with a micro to nano scale hierarchical roughness, forms air pockets inside its surface textures minimizing the capillary forces between the solid substrate and the droplet. Consequently, a droplet can easily slip or rebound before freezing occurs. 30 However, microtextured superhydrophobic surfaces can lose their high water repellency property and icephobic characteristics, since capillary condensation with subsequent freezing may occur indiscriminately without any particular spatial preference, resulting in ice adhesion increase compared to standard smooth surfaces and ice accumulation. 31, 32 Even if this formed ice layer were to be melted, the resulting liquid would be in fully impaled Wenzel state rendering the process of dewetting with transition to Cassie-Baxter state a very difficult task even when external (such as mechanical)
force is exerted. 33 In contrast to microstructuring, it has been recently indicated that nanotexturing 34, 35 can potentially become a highly competitive anti icing strategy. It was shown that it can effectively prevent icing from penetrating the nanoscale features of the surface as a consequence of the stable entrapment of air pockets inside its nanoroughness. Due to this effect, the defrosting process becomes facile, since frost transforms into liquid drops in Cassie-Baxter state that easily depart from the nanotextured superhydrophobic surface under the effect of gravity and low inclination angles (<15   o   ) . 34 An alternative, potentially effective anti-icing approach consists of employing anti-adsorption process, with the formation of a liquid layer with low surface tension and negligible solubility in water, impregnating the surface roughness. With this approach a stable, ultra-smooth, liquid layer is infused into a micro/nano structured and chemically functionalized surface texture. An additional advantage of this strategy is the inherently reduced impalement risk of liquid water or ice into the texture, due to the fact that the infused liquid layer is much more difficult to be displaced than a gas layer. Although very promising results were shown in terms of anti-icing performance 29 of these kind of surfaces (LIS, SLIPS), 27, 29, [36] [37] [38] it has been found that the process of subcooled condensate freezing on such lubricant-impregnated surfaces can lead to lubricant migration out of the microstructure 27 . Even after defrosting these surfaces do not recover due to 4 the irreversible lubricant depletion occurring during the frost formation process. 27 Moreover, it has been shown that gravitational force can cause possible drainage of the suffused liquid layer 29 as well. Consequently, loss of the infused lubricant over time occurs, rendering these surfaces effective only for few hours at present. The lack of longevity prevents the direct implementation of the aforementioned surfaces in related industrial applications.
Here, we introduce and demonstrate a novel anti-icing surface concept spontaneously generating and self-preserving a liquid intervening layer through a condensation process. Due to exceptional self-healing properties attributed to the nature of the corresponding infusion mechanism and the stable sustenance of the liquid intervening layer, such surfaces can prolong their operating time under sub-zero conditions significantly, compared to the currently existing surfaces. These type of surfaces are, for example, ideally suitable for integration in ice generation 6, 7, 39, 40 that employs a vacuum freezing process to promote ice nucleation, an integral part of cold thermal energy storage systems (see Supporting Information, section 1).
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RESULTS AND DISCUSSION
Working Principle and Realization. The approach taken here is closely connected to antiadsorption of water, since the main goal is to form an intervening liquid layer, which hinders water/ice impalement ( Figure 1a) . First, the interfacial energy of the solid substrate, which in this work is aluminum, is reduced by imparting a random multi-tier texture combined with chemical modification with a hydrophobic coating that consists of perfluorodecyltrichlorosilane (FDTS) and polydimethylsiloxane (PDMS) resulting in high water repellency i.e. advancing contact (see Experimental Section and Supporting Information, section 2). HFE7100 is introduced in the chamber, which results in its evaporation, thus forming a saturated environment that contains a water-HFE7100 mixture. The low temperature of the aluminum surface causes heterogeneous nucleation of HFE7100 on its solid texture, but due to its low freezing point, HFE7100, does not solidify. Attributed to its hierarchically engineered roughness, in conjunction with the very low surface tension of HFE7100, the aluminum surface enables hemi-wicking 43 of the HFE7100, forming a thin and thermodynamically stable intervening layer on the solid substrate due to a constant infusion process based on condensation ( Figure 1a ). Under these conditions water vapor should also condense on the cooled surface; however, as it has been shown in the literature, 44 it is indicative that HFE7100 hemi-wicking is energetically more favorable compared to water penetration. Moreover, the high water repellency of the aluminum-based surface, in combination Contrary to LIS 27, 37, 38 and SLIPS 29, 36 where the liquid impregnation is occurring in advance in a separate process, for the present case, impregnation is a constantly self-sustained process that replenishes possibly depleted regions, demonstrating a self-healing ability and longevity. The HFE7100 layer acts as a protective barrier against water condensation, and condensate freezing by suppressing icing, considering that in the current study subzero temperature and low pressure occur, as already mentioned previously (Figure 1a bottom right). Table S1 for a summary of the pressure and temperature values obtained and Table S2 Table S2 for the estimation of the measurement uncertainty). As described in Droplet mobility is one of the integral factors of ice nucleation delay due to the fact that droplets do not stick on the present surfaces, which limits their contact time with the cooling surface and restricts the probability of freezing.
Depinning of Impaled Water
Freezing Condensation Delay. To highlight the superior performance of the present surface design i.e. the self-impregnating superhydrophobic aluminum-based surface, its anti-icing behavior was compared (Figure 3a , lower frame sequence) to an untreated smooth aluminum sample ( Figure 3a , upper frame sequence) using a liquid mixture of 60ml/150ml of water/HFE7100 as described in the previous section. Moreover, the performance of the aluminum-based superhydrophobic surface and the untreated smooth aluminum were tested under only water vapor exposure as well. This was materialized by applying the superhydrophobic fabrication technique described in the Experimental Section to the half of the area of a circular smooth aluminum sample leaving the other half untreated; thus two and Figure 3c ) and an ice layer with growing thickness is developing (Figure 3a , upper frame sequence, t=57.8min).
Contrary to the aluminum smooth surface, the self-impregnating surface at t=0min is covered by a small amount of droplets with diameter 0.4 mm ≤ . As discussed previously even at this small scale the droplets are mobile and finally shed from the surface. This unique characteristic retards the propagation of a formed freezing front (Figure 3a , lower frame sequence, t=0min). It should be noted that a self-impregnating surface due to its HFE7100 intervening layer demonstrates a molecular scale smooth interface 29 
3min). It seems that the front of this region is
assisted by partially migration of HFE7100 27 to the surface of the icing front causing local HFE7100 depletion that exposes the solid substrate to condensing water. This is attributed to the nanoscale roughness of the ice front generated by the formed ice crystals that induces development of capillary forces causing attraction of HFE7100. 27 However, since there is a continuous process of HFE7100 condensation on the substrate as well, it is speculated that there is a competition process between HFE7100 migration from the substrate to the formed ice and HFE7100 condensation which finally results in exposing only the roughness peaks to water vapor. Therefore, we believe that the occurrence of condensation restricts the impact of HFE7100 migration and retards significantly irreversible lubricant depletion that takes place to liquid presuffused surfaces. 27 Figure 3c ) which underpins its extreme anti-icing behavior. It should be noted that during the partial icing, the remaining ice-free region retains its highly slippery characteristics.
The superhydrophobic sample exposed only to water vapor ( Figure 3b ) demonstrated a behavior similar to the smooth sample which was exposed to water/HFE7100 vapor mixture. Ice nucleation was initiated in both hemicircular disc zones, namely the smooth and the superhydrophobic, by the test sample edge followed by a freezing propagation front (Figure 3b t=18.0 and 25.4min Table S1 for a summary of the pressure and temperature values obtained and Table   S2 for the estimation of the measurement uncertainty). Despite the fact that the superhydrophobic surface is supposed to promote high rolling characteristics, the departure droplet size is considerably higher p Table S3 ). Figure 3c highlights the anti-icing potential of all the cases studied. It is obvious that the selfimpregnating surface has superior performance compared to the smooth and superhydrophobic surface with a full coverage occurring within a period of one order of magnitude, 10-15 times, longer than that of the rest of the cases. Moreover, the onset of icing in the self-impregnating surface occurs after a period which is 2-3.5 times greater than that of aluminum smooth (with water/HFE7100 mixture or only water) and superhydrophobic samples.
Skating Ice During Defrost Process. Next we study the defrosting behavior of selfimpregnating surfaces, important for removal of potentially accumulated ice from a heat exchange interface (e.g. in ice production systems). The sample is exposed to subcooling until it Table S1 for a summary of the pressure and temperature values obtained and Table S2 for the measurement uncertainty estimation). After completion of ice melting, the aluminum smooth and superhydrophobic surface exposed only to water vapor (Figure 4b , left and right hemicircular disc zones respectively), are covered with pinned water condensates and the smooth aluminum sample exposed to water/HFE7100 is covered with large regions of collected water (Figure 4b , right hemicircular disc zone) whereas the self-impregnating surface is free of water droplets (Figure 4b , left hemicircular disc zone).
A possible explanation of the skating behavior of ice is presented in Figure 4c . As ice starts to form at the edge of the sample due to the presence of surface defects (Figure 4c(i) ), it expands 19 inwards (Figure 4c (ii)) with simultaneous partial HFE7100 migration that leaves the roughness peaks exposed to icing (Figure 4c(iii) ). After interruption of cooling a thin water layer is formed at the interface of ice-HFE7100-aluminum sample (Figure 4c(iv) ). However, as already discussed, since the aluminum substrate has superhydrophobic properties and HFE7100 has much lower surface tension compared to water, the liquid layer that wets the peaks of the surface roughness is removed by the remaining HFE7100 (Figure 4c(iv) ). This will result in the formation of a slippery thin layer of HFE7100 underneath the ice layer (Figure 4c(v) ) leading finally to shedding of ice that resembles skating (Figure 4c(vi) ). Sliding of ice on presuffused surfaces has been reported in the literature; 29 however, to our knowledge, the unique advantages of observation in the IR spectrum, to distinctly show and verify the occurrence of ice skating
were not exploited before. In addition, concerning the durability of pre-impregnated surfaces, 27, 29 it has been shown that after defrosting cycles degradation of their performance occurs due to the fact that part of the suffusing low surface tension liquid is being depleted.
54
Longevity. Robustness is an integral feature of an engineered surface especially if it is intended for implementation in real applications. Therefore to ensure sustainability of functionality for use in ice production systems a surface has to withstand prolonged subcooling and vacuum conditions. To this end we performed a series of experiments that involved longterm operation of the self-impregnating surface at o sample T =-3.9 C , o chamber T =0.7 C , chamber P =179 mbar and S=1.40 for a total duration of 490hr (see Table S2 for the measurement uncertainty estimation of pressure and temperature). At times t=0, 200, 300, 400, 490 hr the operation was interrupted and measurements of advancing ( A θ ) and receding ( R θ ) contact angles of the dry aluminum-based superhydrophobic surface were acquired (Figure 5a and 5b, sample I). Changes in wettability which is characterized through measuring the contact angles is closely related to the chemical and/or mechanical degradation of the test surface and therefore is used extensively in research works for robustness characterization 57, 58 . Additionally, two aluminum-based superhydrophobic surfaces were dipped in HFE7100 (Figure 5b , sample II) and water bath (Figure 5b , sample III) each at room temperature, followed by advancing and receding contact angle measurements after 807hr and 30hr respectively. The aluminum-based superhydrophobic substrate, which is also a component of the self-impregnating surface, initially corresponding to three different stability tests before and after the total exposure; sample I is the one used for the longevity tests described in (a), sample II was dipped in HFE7100 for 807hr
and sample III was exposed to water for 30hr. Error bars represent the standard deviation of the contact angle measurements.
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respectively, whereas its contact angle hysteresis increased by 3.1 degrees (Figure 5a ). This indicates that the self-impregnating surface practically retains its full functionality for at least 
CONCLUSION
An innovative anti-icing strategy was introduced that involves a new and prospective concept of self-impregnating slippery surfaces. With a rational choice of materials and applying wettability engineering fundamentals, these surfaces have unique properties suitable for real applications such as ice generation. It was shown that, due to their slippery behavior, these surfaces suppress ice nucleation. To observe the performance, we use an IR camera to follow the droplet depinning by HFE7100 hemi-wicking. Exploiting the different radiation properties of water, HFE7100 and aluminum-based surfaces, the complex mechanism of droplet shedding was studied which is not visible by using a CMOS camera. To this end, a cycle of microscale droplet growth, coalescence and shedding was revealed, that wipes the water condensates leading to formation of vertical water-free paths which comprise only HFE7100. In addition, droplets with a diameter of only p d 0.4 mm ≈ were rendered mobile in contrast to the smooth (pinned water condensate) and aluminum-based superhydrophobic surface (departing droplet size there was p d 2.7 mm ≈ ). Due to their slippery characteristics, molecular-scale smooth interface and selfgenerating capability originating from the continuous condensation process, the selfimpregnating surfaces demonstrated an exceptional anti-icing behavior under subcooling and vacuum conditions. They remarkably delayed the onset of icing by 2-3 times and the complete ice coverage by 10-15 times compared to smooth and superhydrophobic surfaces exposed to water vapor only. During defrosting ice segments were skating before finally shedding, leaving the surface ice-free. The self-impregnating slippery surfaces exhibited excellent stability under subcooling and vacuum conditions. After a lapse time of 490hr the self-impregnating surface retained its functionality without marked chemical and mechanical degradation. Taken together, the aforementioned properties render this anti-icing approach a highly prospective strategy for direct implementation in industry and especially in ice production systems.
EXPERIMENTAL SECTION
Fabrication of Aluminum-based Superhydrophobic Surface. The fabrication process of the superhydrophobic texture is described elsewhere. 44, 59 Briefly, a circular mirror-like polished aluminum substrate (AW 1085) with diameter 60 mm and thickness of 1mm was dipped in a sodium hydroxide (NaOH) aqueous solution (1% w/w) in order to remove the native oxide layer that has formed on its surface. Subsequently, the sample was immersed in a ferric chloride ( Wettability Characterization. Wettability of the surfaces was evaluated by conducting measurements of advancing and receding contact angles with the employment of the dynamic sessile drop technique using a home-built goniometer. Using a needle, a microliter-scale sessile water drop is deposited on the surface on which is allowed to expand and contract. This expansion and contraction process of the droplet was controlled with a syringe pump (New Era, NE1000-E). Images of the dynamic change of the droplet volume were captured with backlit image acquisition setup, which consisted of a camera (Thorlabs DCC1545M, CMOS) fitted with a zoom lens (Thorlabs Zoom 7000 TV Lens MVL7000). Images were processed with ImageJ to finally calculate the contact angles. 3-10 contact angle measurements (advancing and receding)
were acquired by placing a water drop at different spots of the surface each time. Inspection of the topography of the surfaces was materialized with a Zeiss ULTRA 55 scanning electron microscope (SEM). Due to the electrically non-conductive property of the aluminum-based samples, prior to characterization, these samples were sputter coated with a layer of Pt to prevent charge accumulation which resulted in image distortion.
Experimental Setup for Anti-icing, Defrosting and Longevity Observation. A detailed description of the apparatus can be found in the Supporting Information, section 2. Briefly, the circular aluminum samples were mounted on the planar side of a cylindrical aluminum block inside a vacuum chamber. The other planar side of the block, is in contact with the cooled side of the chamber ensuring cooling of the test surface. The block lateral wall was thermally insulated to ensure minimization of the heat losses through it and one-dimensional heat conduction. Along the axis of the block, thermocouples are mounted in order to calculate the heat flux (see Supporting Information, Figure S2) . A thermocouple and a pressure sensor are also mounted inside the chamber to accommodate measurements of the vapor phase temperature and pressure, respectively. Initially, while being cooled, the chamber is evacuated to approximately 85mbar to minimize the presence of non-condensable gases from the chamber, followed by introducing water and subsequently HFE7100. The outcome of this procedure is the formation of a liquid and gaseous phase of the binary mixture i.e. water-HF7100. A sapphire glass is mounted at one of the planar sides of the chamber, which enables observation of the target sample optically (CMOS camera) and in the infrared (IR) spectrum. The use of IR camera is advantageous compared to the CMOS camera since it provides considerably enhanced contrast between water/ice covered regions and regions where the superhydrophobic surface is covered only with HFE7100. As it has been already discussed in Results and Discussion section this is attributed to the different emissivities of water, ice, HFE7100 and aluminum.
